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Abstract
Dark matter constituents of many solar masses will accrete normal matter which emits X-
rays that can be downgraded to microwaves which may distort the precisely-measured black-
body spectrum of the Cosmic Microwave Background. However, it is known from elsewhere
that spherical models of accretion vastly overestimate the amount accreted and consequently
the emitted X-rays. Therefore, exclusion plots based on spherical accretion for the allowed
fraction of the dark matter versus the MACHO mass give upper limits on intermediate-mass
MACHOs which are too severe, sometimes by orders of magnitude.
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1 Introduction
The masses which have been discussed in the literature for the constitutents of dark matter cover
a huge range of at least a hundred orders of magnitude from ultra-light axions [1] (10−22 eV ) to
very massive black holes (1078eV ∼ 1012M⊙). In the present article we shall discuss only the
upper end of this range, above 20M⊙. In particular, we are interested in PIMBHs (Primordial
Intermediate-Mass Black Holes) in the mass range from 20M⊙ to 2000M⊙ because these are
MACHOS which can likely be detected by microlensing experiments [2] in the foreseeable future,
perhaps even before first light in 2022 of the LSST (Large Synoptic Survey Telescope).
Such very massive MACHOs are best sought by microlensing experiments as was demonstrated by
the MACHO Collaboration [3] which used the Mount Stromlo Observatory in Australia during
the 1990s. They found many light curves with durations up to 230 days corresponding to a
MACHO mass of up to approximately 20M⊙. There was no known motivation at the time of [3]
to seek light curves of longer duration. Now there is motivation [4–7] arising during the last few
years from a reappraisal of the dark matter candidates. The specific suggestion of [4] is that
the Milky Way dark halo contains billions of PIMBHs mostly in the microlensing-sensitive range
between 20M⊙ and 2000M⊙.
At present a microlensing experiment is underway which started in February 2018 and which
should be able to discover the PIMBHs by the end of 2019. If light curves can be established with
durations of about two years, corresponding to a MACHO mass about 100M⊙, it would provide
strong support for such a dark matter theory, and one would then continue to seek higher mass
MACHOs to obtain a more complete knowledge of the PIMBH mass function.
The PIMBHs idea for dark matter constituents does not require any new physics beyond the
Standard Model and General Relativity. The microscopic candidates for dark matter such as
WIMPs and axions do require new physics. The WIMP started out in 1977 as a sterile neutrino,
in the hands of Hut [8] and of Lee and Weinberg [9]. The WIMP idea became very popular
when it was identified with a particle naturally appearing in electroweak supersymmetry [10].
The WIMP became canonised [11] as a serious candidate for dark matter in the cosmology
community. At present, two large experiments [12,13] are under construction to search for them.
The history and popularity of the axion is similar to the WIMP. It emerged in connection with
solution of the strong CP problem, then needed to be modified to avoid a contradiction with
experiment. This led to the idea of an axion in the mass range between 1µeV and 1meV.
As these microscopic candidates cease to be found, astrophysical candidates and the microlensing
proposal have become more central.
It is not as simple as that, however, because of stringent claims for the upper limits on the
numbers of PIMBHs coming from accretion and the X-ray emission which can distort the CMB
spectrum. The first such claim was in [14] which ruled out PIMBHs by orders of magnitude but
it was withdrawn [15] when it became clear that spherical accretion, as in the Bondi model [18],
was unreliable. Much more recently, in [16], a similar exclusion was calculated but again used the
Bondi model of spherical accretion. Such unreliable upper limits on PIMBHs have been widely
quoted in the dark matter community [17].
1
2 Spherical accretion
The simplest model of accretion on to a black hole assumes spherical symmetry and radial inflow
of the accreting material. It was invented in 1952 by Bondi [18] and was based on the simple
differential equation which was nothing more than the intellegent intuitive guess
(
dM
dt
)
= piR2ρv (1)
where M is the black hole mass, R is the Bondi radius
R =
(
2MG
c2
S
)
, (2)
ρ is the ambient density and v is the black hole velocity or v = cS if v < cS where cS is the speed
of sound.The Bondi radius is outside of the Schwarzschild radius and characterizes the region
where the accretion takes place.
Substituting Eq.(2) into Eq.(1) and assuming, as is usual, v ∼ cS gives
(
dM
dt
)
= 4piρ
(
G2M2
c3
S
)
. (3)
Although this model seems reasonable and has been a staple problem for students in astrophysics
classes, in recent years it has been possible in at least two cases to make the acid test: does Eq.(3)
give results which agree with experiment?
To be fair, as originally presented [18] it was never intended to be precisely accurate but it was
meant to provide the correct order of magnitude. The purpose of this comment is to show that
even this modest aim is not always the case, and that Eq.(3) can overestimate the amount of
accretion not by only a factor of two but even by a few orders of magnitude.
The questionable assumption is of course spherical symmetry and radial inflow. Physical intu-
ition suggests that the accretion process may well be far more chaotic than implied by such a
strong assumption. This question becomes paramount in discussing the viability of dark matter
models [4] as discussed in the Introduction where the dark matter constituents are PIMBHs and
where spherical accretion has been widely assumed [14, 16] in making exclusion plots for the
allowed fraction of the dark matter versus the MACHO mass. Let us therefore study two explicit
examples, the SMBHs (SuperMassive Black Holes) near the centres of Galaxy M87 and of the
Milky Way.
3 Two Examples where Spherical Accretion Studied
In order to check whether the spherical accretion (Bondi) model is a reliable approximation, we
shall discuss two well-studied examples involving supermassive black holes (SMBHs).
3.1 SMBH in M87 Galaxy
This SMBH is one of the nearest, except for Sag A* and M31 (Andromeda), to Earth at a
distance of only 16.6 Mpc and has therefore been one of the most intensely studied. Its mass is
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exceptionally large, about 6.6 × 109M⊙, and hence it has a correspondingly huge Schwarzschild
radius of 131AU, over three times the radius of Pluto’s orbit.
The expected X-ray flux from M87 has been computed assuming spherical accretion and has been
measured observationally. The results are summarised in [19,20]. Both of these works conclude
that the rate of accretion at a distance of several times the Schwarzschild radius is orders of
magnitude less than the prediction by the Bondi model.
3.2 SMBH in Milky Way
This SMBH, named Sagittarius A* (or SagA* for short), is of course by far the nearest to Earth
at a distance of just 7.8 kpc. Its mass is exceptionally small fos a SMBH, about 4× 106M⊙ and
its Schwarzschild radius is 12 million kilometres, less than twice the radius of the Sun. This is
quite different from the SMBH in M87 and therefore provides a useful comparison.
The X-rays from SagA* have been predicted by spherical accretion and also measured by direct
observation. The X-rays from Sag A* have strong variability and because this SMBH can be
quiescent or flaring. Nevertheless, Sag A* is yet another black hole accretion source which is
remarkably underluminous compared to the predictions by the Bondi model. This has been
suspected for twenty years [21] and an improved treatment [22] of the accretion involves vigorous
circulation and outflow in sharp contrast to the Bondi model.
A more recent survey of Sag A* is in [23]. The bottom line is that we can observe X-rays from
Sag A* at all only because of its close proximity (8kpc) to Earth. Like the SMBH in M87 the
Bondi model overestimates the X-rays by orders of magnitude. Another careful discussion of
Sag A∗ was made in [24] where it was found that the maximum luminosity is only ∼ 10−9 of
the Eddington limit. The peak lumosity during flares is ∼ 5 × 1035ergs/s. Sag A* has highly
variable emission ranging from flares with this maximum luminosity and quiescent periods with
very little X-ray emission. Nevertheless, the Bondi prediction overestimates the X-ray luminos-
ity by between 4 and 8 orders of magnitude. Although M87 and Sag A* are more massive than
the putative PIMBHs, it is reasonable to assume that using the Bondi model of accretion for
PIMBHs is comparably as unreliable and will overestimate the mass accreted.
Let us reasonably assume that the Bondi model of accretion is definitely not a good approxima-
tion for the PIMBH dark matter, because of the reasons discussed in [22]. This casts new light
on the upper bounds frequently quoted [17] in the dark matter community which exclude the
idea that MACHOs in the mass range 20− 2000M⊙ can be 100% of the halo dark matter, either
for a monochromatc mass or a smooth mass function.
For example the influential paper in 2008 by Ricotti, Ostriker and Mack [14] excluded PIMBHs
above 10M⊙ by four orders of magnitude using Bondi accretion. Eight years later in 2016 the
senior author of ROM conceded privately [15] that the ROM limits had been ”far too severe”.
More recently, however. in 2017, Ali-Ha¨ımoud and Kamionkowski [16] presumably unaware of
the concession by ROM published limits which similarly rule out PIMBHs as all the halo dark
matter. Yet the accretion model employed in [16] was spherical and so their conclusions are
rendered highly questionable too.
3
4 Reevaluation of CMB Distortion
One of the most striking facts about observational cosmology is the astonishing agreement be-
tween the CMB (Cosmic Microwave Background) spectrum and a Planckian black-body spec-
trum: indeed the deviation is nearly too miniscule (<
∼
10−5) to be measured. Naturally therefore
the X-rays emitted by PIMBH dark matter are of great concern in this respect. However, we
must be very careful in estimating the X-ray luminosity. The main motivation of the present
article is to point out that the upper limits on PIMBHs in the literature [14, 16] are too severe
because the calculations have used spherical accretion. This model was invented [18] with simple,
seemingly plausible, assumptions but not strictly derived and, although Eq.(1) is an appealing
approximation, it simply does not describe the physics with sufficient accuracy and can therefore
be very misleading. As we have seen through the explicit physical examples of M87 and SagA*,
the Bondi model can overestimate accretion by orders of magnitude relative to observations.
The masses of the black holes involved in M87 and SagA* are repectively billions and millions of
solar masses. The black holes being sought by the microlensing experiment [2] are in the range
20−2000M⊙ but there is, to our knowledge, no reason to believe that their accretion mechanism
will be very different from that of the SMBHs.
Note that we discuss the range of PBHs all the way up to 1012M⊙ which includes the super-
massive black holes at galactic centres [25–27]. Although the PIMBHs in the dark galactic halo
must be below 106M⊙, because of disk stability arguments, we believe the primordial origin may
be common to the halo dark matter, to the more massive black holes which may exist as dark
matter in clusters and to the galactic-core SMBHs themselves.
There are at least two large experiments, XENONnT [12] and LZ [13] starting to make an even
more thorough search for WIMPs, to follow up several unsuccessful earlier searches with less
sensitivity. While the WIMP retains some motivation, we should ensure that the heaviest dark
matter candidates have not been excluded prematurely.
5 Discussion
Of course, a natural next step would be to do the accretion calculation better and hopefully
correctly. Since such analysis are quite involved and rely heavily on numerical simulations, here
we just intend to draw the attention to two different significant effects which can contribute to
the large discrepancy with the Bondi model.
The first effect is the fact that the PIMBH spends the majority of its time in the dark halo
where there are few baryons to accrete and only ∼ 1% of the time inside the galactic disk where
essentially all of the baryons reside. Taking the typical thickness of the disk as t ∼ 0.3 kpc and
the radius of a typical PIMBH orbit as R ∼ 30 kpc and given two transits through the disk
per orbit there is a crude estimate 2t/2piR = t/piR ∼ 3 × 10−3 of the time spent in a baryonic
environment. Certainly assuming a time-independent density of the environment in Eq. (1) is
disfavored.
A second effect absent from the Bondi model (which might work better for the case of a static
Schwarzschild black hole) is due to the inevitable Kerr-like large angular momentum of the
PIMBH which renders accretion on to such a Kerr black hole more difficult than for a stationary
Schwarzschild black hole. As discussed in e.g. [28] the pin angular momentum of a 100M⊙ can
be typically be ∼ 500 times that of the Sun. What is needed to accommodate this second effect
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could be an angular-momentum-barrier correction in Eq.(1) and we intend to study this second
effect in a forthcoming work.
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